Although the principal source of marine organic matter is phytoplankton, experimental data on carbon and nitrogen mass balance during their growth cycle are lacking. Phytoplankton from diverse taxonomic groups (Synechococcus bacillaris, Phaeocystis sp., Emiliania huxleyi, Skeletonema costatum) were grown in synthetic seawater media, and changes in particulate and dissolved carbon, nitrogen, and carbohydrates were followed for 14 d. There was a close molar balance between dissolved inorganic carbon (DIC) uptake and total organic carbon (TOC) production in all phytoplankton except Emiliania, which synthesizes carbonate-containing coccoliths. Rates of dissolved organic carbon (DOC) production during phytoplankton growth ranged from 5 to 13 FM DOC d-l (O.Ol-0.06 pmol DOC pM cell C-l d-l) and constituted a substantial (10-3256) fraction of TOC production. The carbohydrate content of both the particulate and dissolved pools increased over the growth cycle and constituted 18-45% and 26-80% of TOC, respectively. The dissolved carbohydrate pool was predominantly composed of polysaccharides (70-94%). Despite some species-specific variability, phytoplankton cellular (particulate) and extracellular (dissolved) organic matter C: N ratios did not deviate far from Redfield values. However, phytoplankton synthesized compositionally distinct pools of high molecular weight dissolved organic matter (> 1,000 Da, average C : N ratio -21) and low molecular weight dissolved organic matter (< 1,000 Da, average C : N ratio -6.0).
Most of the organic matter in the sea originates from phytoplankton production. Phytoplankton influence seawater composition by the uptake of inorganic carbon and nutrients for synthesis of cellular organic materials (Eppley and Peterson 1979) and exudation and loss of dissolved organic matter (Mague et al. 1980) . The occurrence of phytoplankton blooms at sea have been observed to cause physicochemical changes in the seawater milieu through redistribution of inorganic macronutrients (McAllister et al. 1961 ) and synthesis and release of organic compounds (Jenkinson and Biddanda 1995) . According to Redfield et al. (1963, p. 26) , "the influence of organisms on the composition of seawater is profound, with elements being withdrawn from seawater by the growth of phytoplankton in the proportions required to synthesize protoplasm of specific composition and being returned to it as excretions and decomposition products of an equally specific nature."
The major portion of DOM released by phytoplankton in the sea consists of small molecules (low-molecular-weight dissolved organic matter [LMW DOM], < 1,000 Da ; Jensen 1983; Lancelot 1984 ). Past studies demonstrate that 20-30% of oceanic DOM is high molecular weight (HMW, Carlson et al. 1985; Benner et al. 1992) and that this pool is carbohydrate rich (25-50%) relative to bulk DOM (Benner et al. Acknowledgments This work was supported by NSF grant OCE 94-13843. We are thankful to Marisa Garza for helping with preliminary culture studies, Andy Biersmith for assistance with ultrafiltration, and Brenda Black for particulate organic carbon and nitrogen analyses. Ellery Ingall provided laboratory facilities for carrying out inorganic nitrogen analyses. The manuscript was improved by discussions with Andy Biersmith, Steve Opsahl, Annelie Skoog, and Sue Ziegler. This is contribution 891 of the University of Texas Marine Science Institute.
1992). During a diatom bloom in the northern Gulf of Mexico, Amon and Benner (1994) observed that -30% of DOM was of HMW and suggest that the HMW and LMW pools of DOM c,ycle in the ocean on quite different time scales. Kepkay et al. (1993) , studying dissolved organic carbon (DOC) accumulation over the spring bloom in the Bedford Basin, have argued the necessity for establishing a direct link between the production of colloidal (HMW) DOM and phytoplankton as its source.
Measurable accumulations of DOM have been observed to take place toward the end of phytoplankton blooms in the ocean (Barlow 1980; Carlson et al. 1994) . Such seasonal accumulations of DOM are comparable to or exceed that of particulate organic matter (POM; Williams 1995) . Because these accumulations of organic matter are clearly linked to seasonal phytoplankton growth events, there is interest in the composition of both the cellular and extracellular release products of' phytoplankton. Parsons et al. (1961) carried out a detailed study of the chemical composition of 11 species of phytoplankton cells in culture during their exponential growth phase and found that cellular carbohydrate content ranged between 6 and 37% and the C : N ratios varied between 4.4 and 9.0. The release of DOM by phytoplankton is positively related to the photosynthetic rate (Anderson and Zeutschel 1970; Zoltnik and Dubinsky 1989) . Some 5-30% of marine primary production is directly released as DOM by phytoplankton (Mague et al. 1980; Lancelot and Billen 1985; Bain'es and Pace 1991) .
The little that is known about the composition of dissolved materials produced by phytoplankton (see Hellebust 1974; Lancelot 1984) indicates it consists of all types of biochemical products including carbohydrates (mono, oligo, and polysaccharides), nitrogenous compounds (amino acids, proteins, and polypeptides), lipids (fatty acids), and organic acids (glycollate, tricarboxylic acids, hydroxamate, vitamins) . Carbohydrates in the form of exopolymers are released in large amounts by growing phytoplankton in cultures ( Guillard and Wangersky 1958; Eberlein et al. 1983 ) and in the sea (Ittekot et al. 1981; Barlow 1980) . Predominance of carbohydrates in phytoplankton exudates may be one reason why 25-50% of marine HMW DOC is composed of polysaccharides (Benner et al. 1992) . In studies of fluxes of bioactive elements, knowledge of the composition of organic matter freshly produced by phytoplankton would be of key reference value.
The carbon and nitrogen cycles in the sea are inextricably linked to each other through production and mineralization processes (Redfield et al. 1963) . Hence, the availability and cycling of carbon and nitrogen have important consequences for the synthesis, as well as fate, of organic matter in the sea (Dugdale and Goering 1967) . For example, the idea that oceanic new production approximates the sinking flux of organic matter (Eppley and Peterson 1979) is based on the Redfield ratio (C : N 6.6) for organic matter synthesis. Although deviations from the Redfield ratio are known to occur in phytoplankton cells grown under extreme conditions of light and nutrient availability (Sakshaug and Holm-Hansen 1977; Goldman et al. 1979) , the ratio has been shown to be remarkably conservative in the sea (Takahashi et al. 1985; Karl et al. 1993) . However, the question of whether the Redfield ratio is conserved in the DOM pool released by phytoplankton, although alluded to by many workers (Goldman et al. 1992; Williams 1995) , remains unanswered.
Even though marine organic matter primarily originates from phytoplankton, empirical data on carbon and nitrogen mass balances during growth are scarce. To our knowledge, this fundamental issue has not been seriously revisited since the sixties when Eppley and Sloan (1965) examined the mass balance of carbon (only) in phytoplankton cultures during short-term (5 h) growth experiments. Eppley and Sloan effectively demonstrated the need for taking into account the significant quantities of dissolved organic carbon released by phytoplankton in order to balance dissolved inorganic carbon uptake with organic carbon synthesis. In this study, we monitor carbon, nitrogen, and carbohydrate dynamics in POM and DOM during the growth cycle of representative marine phytoplankton.
Materials and methods
Phytoplankton cultures-Four phytoplankton from diverse taxonomic groups having wide geographic distribution, as well as considerable abundance in the world ocean, were chosen for this study. Original stock cultures were obtained from the Provosoli-Guillard Center for Culture of Marine Phytoplankton (CCMP): Synechococcus bacillaris (CCMP 1333, isolated from the NW Atlantic, l-2 p,m cell size, single cells) is a cyanobacterium of the family Cyanophyceae. Phaeocystis sp. (CCMP 627, isolated from the Gulf of Mexico, [3] [4] [5] km cell size, colony forming) is a prymnesiophyte of the family Prymnesiophyceae. Emiliania huxleyi (CCMP 372, isolated from the NW Atlantic, 5-6 pm cell size, single cells) is a coccolithophore of the family Prymnesiophyceae. It produces coccoliths or plates of calcium carbonate. Skeletonema costatum (CCMP 775, isolated from the Gulf of Mexico, 5-8 p,rn cell size, chain forming) is a pennate diatom of the family Bacillariophyceae.
For purposes of this study, we wanted to use a media of defined chemical composition that is low in organic matter content. Hence, artificial seawater for the culture experiments was prepared with deionized reverse osmosis water by adding synthetic basal seawater salt mixture (28.7 g liter-'; Sigma S-1649) and sodium bicarbonate (0.2 g liter-'). This artificial seawater medium was enriched to f/20 level (at a tenth of the enrichment normally used in cultures of marine phytoplankton; Guillard 1975) with nutrients, vitamins, and trace metals (Keller et al. 1987) . Both salinity and pH of the growth medium were checked to ensure they were 35 psu and 8.1 before inoculation with the stock culture. Stock cultures for inoculation were grown in the same medium for 1 week until cells were at their exponential phase of growth. Subsamples were examined under the microscope to ensure that the phytoplankton cells were healthy and that the cultures had low densities (c5.0 X lo6 cells liter-') of heterotrophic bacteria.
Experimental cultures were grown in 235-liter capacity polypropylene tanks (Nalgene biotank). Culture tanks were set up in a walk-in environmental chamber at constant temperature (20°C) under a 12 : 12 h L/D cycle at a light intensity of -6.0 X lOI quanta crnm2 s-l provided by "coolwhite" fluorescent tubes. At the beginning of the experiment, the tank was filled with artificial seawater medium and topped with 8 liters of the exponentially growing stock culture as inoculum. A continuous duty stirrer was set to run at a slow speed (60-100 rpm) so that cells were gently kept in suspension. Culture growth conditions were nonaxenic and consisted of heterotrophic bacteria in addition to the phytoplankton species of interest. However, the heterotrophic bacteria played only a minor role in the carbon and nitrogen dynamics (see below). Therefore, the organic matter produced can be taken to be exclusively phytoplankton derived. Cultures were grown for a period of 2 weeks and sampled at 0-, 3-, 6-, lo-, and 14-d intervals. Measurements-About 500 ml of the culture was siphoned out of the culture vessel into clean polycarbonate bottles during each sampling interval and the following measurements were made: cell abundance (phytoplankton and heterotrophic bacteria), dissolved inorganic carbon (DIC), DOC, particulate organic carbon (POC), particulate organic nitrogen (PON), dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON), and carbohydrate content.
For the enumeration of phytoplankton and bacteria, two 5-ml aliquots of each culture were preserved with 2% final concentration of 0.2~pm-filtered formaldehyde and stored at 4°C. Samples were analyzed within a week of their collection. Phytoplankton abundances were determined by epifluorescence at -800X magnification under green or blue light excitation of the unstained cells filtered onto 0.2~Frn black Nuclepore filters. From the increase in cell numbers, growth rate (p,) was calculated according to the formula p, = In N, -In NJt, -to (where N, and N, are final and initial cell abundances, while t, and to are final and initial days of growth), and doubling time (t,) was calculated according to the formula ttl = In 2/l.~. Heterotrophic bacterial abundances were also determined by epifluorescence microscopy (at 1,260 X magnification under UV excitation) of cells stained with the fluorochrome DAPI that were filtered on to 0.2~km black Nuclepore filters (Porter and Feig 1980) . Duplicate filters containing l-ml samples were prepared for each culture and 25-50 fields of view were examined for cell abundance. Although the results of phytoplankton cell abundance are presented and discussed in the following sections, it is pertinent to discuss here the results of heterotrophic bacterial abundance.
Heterotrophic bacteria were present initially in low abundance (c5.0 X lo6 cells liter-') and increased over the duration of the experiments (mean 9.0 X 10' cells 1-l d-l). However, their contribution to overall carbon flux was small. The heterotrophic bacterial growth rate (0.15 ~JM C liter-' d-l) was estimated with a marine bacteria-to-carbon conversion value of 20 fg C cell-' (Lee and Fuhrman 1987) . The rate of bacterial production measured in the cultures (0.15 PM C liter-' d-l) was a tenth that of the minimum measured in shelf waters (Biddanda et al. 1994 ) and less than that of surface waters in the oligotrophic ocean (Ducklow and Carlson 1992) . Heterotrophic respiration in the cultures (0.15 PM C liter-' d-l) was estimated with a growth efficiency value of 50% for bacteria growing under high primary productivity conditions (Biddanda et al. 1994 ). Thus, heterotrophic bacterial metabolism in the phytoplankton cultures (C processed = growth + respiration = 0.3 ~J.M C liter-' d-l) accounted for the processing of < 1% (mean 0.6%) of the organic matter produced by the phytoplankton (mean 45 PM C liter-' d-I). These results indicate that the organic matter produced in the cultures can be unambiguously taken to be freshly produced phytoplankton material.
Samples of the culture for DIC determination were collected directly in 7-ml acid-washed vials without any headspace, sealed with Teflon-lined caps, and stored refrigerated until analysis in a Shimadzu TOC 5000 analyzer. Samples for DOC analysis were passed through muffled Whatman GF/F glass-fiber filters (475°C) under low vacuum pressure (<lo cm of Hg). The filtrate was collected directly in muffled glass scintillation vials, sealed with Teflon-lined caps, and stored frozen until analysis. DOC concentrations were determined by high temperature (680°C) oxidation with a 
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Shimadzu TOC-5000 carbon analyzer. All values were corrected for the instrument blank, which was measured at the time of analysis (Benner and Strom 1993) . Particulate matter retained on precombusted GF/F glassfiber filters was analyzed for POC and PON by flash combustion in a Carlo Erba 1108 elemental analyzer. Before analysis, the filters were exposed to HCl fumes overnight in a glass desiccator to purge inorganic carbon from the samples. GF/F-filtered samples were used for DIN (NO,-+ NO,-+ NH,+) analyses according to the methods described by Parsons et al. ( 1984) DON concentrations were calculated as the difference between the decrease in DIN and corresponding increase in PON during the 14-d time period of phytoplankton growth. Particulate and dissolved carbohydrates (free + combined carbohydrates) were analyzed by the MBTH method (Johnson and Sieburth 1977) as modified by Pakulski and Benner (1992) .
At the end of the experiment (14 d), the remaining culture (-235 liters) was separated into POM and DOM fractions by tangential-flow ultrafiltration with a 0.1~km cutoff hollow-fiber filter and a DC 10 L Amicon ultrafiltration system (Benner 1991) . The filtrate (DOM) was separated into HMW DOM and LMW DOM fractions by further ultrafiltration with an -1-nm (1 ,OOO-Da) pore-size spiral filter. The HMW DOM was concentrated to -1 liter and desalted by diafiltration with 20 liters of deionized reverse-osmosis water. Desalted concentrates were dried under vacuum in a Savant Speedvac system. Organic carbon and nitrogen analyses were performed on the HMW DOM with a Carlo Erba CHN elemental analyzer as described earlier.
Results
When grown under identical experimental conditions, different phytoplankton exhibited very similar growth characteristics (lo,) and doubling times (t,) ( Table 1) . During 14 d, phytoplankton cell abundances reached the following values: Synechococcus 14.5 X 10" liter-'; Phaeocystis 4.3 X lo8 liter-l; Emiliania 9.5 X lo8 liter-'; Skeletonema 3.4 X lo* liter-l (Fig. 1) . All the classical stages of phytoplankton growth in batch culture (Fogg 1975) were clearly evident. A short initial phase of slow growth (lag-adjustment phase; O-3 d) was followed by a period of rapid growth (exponential-logarithmic phase; 3-10 d) that ended in the stage where population size did not change (stationary-senescent phase; lo-14 d).
DIC uptake was followed by corresponding production of TOC as POC and DOC (Fig. 2) . Initial levels of DIC were -2,400 WM and decreased to between 1,250 and 1,850 PM during 14 d of phytoplankton growth. Corresponding TOC levels increased from an initial level of -75 p,M to between 525 and 850 FM. Synechococcus, Phaeocystis, and Emiliania produced comparable and high amounts of TOC (-700 There was a close molar balance between DIC uptake and TOC synthesis over the entire growth period (Table 2) . Emiliania allocates a substantial portion of its DIC uptake into the production of calcium carbonate plates-coccoliths. According to culture and field studies (van Bleijswijk et al. 1994; Robertson et al. 1994) , Emiliania may use between 40 and 50% of its DIC uptake for the synthesis of coccoliths. Our mass balance numbers clearly account for such an allocation. When corrected for the allocation of DIC into coccolith production (m-40%), there is a close molar balance between DIC uptake and TOC synthesis in Emiliania in the present study. Within the TOC pool, DOC increases paralleled POC increases (Fig. 3) . In all cultures POC increase was maximal during the period of exponential growth, but the period of maximal DOC release varied among the different phytoplankton. DOC release rates were fairly constant in Phaeocystis and Skeletonema cultures, whereas the period of maximal DOC release in Synechococcus and Emiliania cultures occurred during the stationary phase. DOC release among the differlent species ranged from 10 to 32% of TOC synthesis, with POC production constituting the major fraction of TOC synthesis ( Table 2 ). The absolute amount of DOC released also varied among the phytoplankton from 5 to 13 PM C d-l. Phaeocystis released the most DOC, Synechococcus the least. In general, phytoplankton with high absolute relea,se rates of DOC also exhibited high percent releases (e.g. Phaeocystis and Skeletonema).
Cellular carbon contents ranged from 0.04 to 0.9 pmol C cell-' (Table 3) and were within the range of values predicted by Strathmann's model relating cell volumes to carbon content in phytoplankton (Strathmann 1967) . The highest per cell POC production as well as the highest per cell DOC production rate prevailed in Skeletonema-the largest cells. Both POC production and DOC production were lowest in Synechococcus-the smallest cells. There seemed to be a weak positive relationship between DOC production and cell size, with the larger cells releasing a greater portion of their total production as DOC. However, definite speciesspecific exceptions may exist. For example, Phaeocystis cells were smaller than Emiliania cells but produced twice as much .DOC as the Emiliania cells. When results were viewed on a per cell carbon basis, DOC production rates fell within a much narrower range, with Synechococcus having the lowest production rate and Skeletonema the highest (Table 3).
Increases in cell abundance were followed by decreases in DIN (Fig. 4) . DIN (NO,-+ NO,-+ NH,+) in all cultures rapidly declined through the exponential phase of growth when cell abundances increased, as clearly reflected in the corresponding increases in PON (cf. Fig. 1 ). Because NH,' levels were negligible In all cultures most of the cell growth occurred before the onset of nutrient depletion. Thus, it is assumed that organic matter produced by the phytoplankton in this study occurred under non-N-limiting conditions. Increases in the concentrations of carbohydrates (CHO) in both the POC and DOC pools were observed for the duration of the phytoplankton growth cycle (Fig. 5) . Concentrations of particulate total carbohydrate carbon (PTCHO-C) were generally two to three times the level of dissolved total carbohydrate carbon (DTCHO-C), Increases in particulate carbohydrates were closely tracked by increases in dissolved carbohydrates. The particulate carbohydrate increases closely paralleled POC increases, while dissolved carbohydrate increases closely matched the increases in DOC concentrations (cf. Fig. 3 ). Emiliania produced the highest concentrations of particulate carbohydrates (-290 ~.LM C), and Phaeocystis produced the highest concentrations of dissolved carbohydrates (-100 ~.LM C). In all the phytoplankton studied, the bulk of the dissolved carbohydrate pool was composed of combined carbohydrates, referred to herein as polysaccharides (Fig. 6) . Both Phaeocystis and Emiliania produced high concentrations (-80 ~.LM C) of dissolved polysaccharide carbohydrate carbon (PCHO-C). Dissolved monosaccharide carbohydrate carbon (MCHO-C) closely followed I the increases in dissolved polysaccharide concentrations during phytoplankton growth. Phaeocystis produced the highest concentrations of dissolved monosaccharides (-23 p,M C), which was two to six times the amounts released by the other phytoplankton. In general, there was a tendency for carbohydrate content of phytoplankton to increase during the growth cycle (Fig.  7) . About 18-45% of POC was carbohydrate carbon (CHO-C). Our estimates are 5-10% higher than those estimated for phytoplankton cells by Parsons et al. (1961) . In the present study, samples were hydrolyzed with sulfuric acid using procedures that have been shown to yield higher concentrations of carbohydrates than previous methods (Pakulski and Benner 1992) . About 23-80% of DOC was estimated to be CHO-C. EmiZiania consistently produced the highest fraction of CHO-C in both POC and DOC pools. Polysaccharides constituted the dominant fraction (70-94%) of the dissolved carbohydrate pool, indicating that they were a major portion of freshly produced DOM by phytoplankton. Carbohydrate content of both POM and DOM varied considerably during phytoplankton growth, whereas the polysaccharide content of the dissolved carbohydrate pool remained uniformly high throughout.
The C : N ratios of POM in Phaeocystis (6. 5-7. 3) and 3) varied little during growth, whereas those in Synechococcus (5. 6-8.7) and Emiliania (7.6-10.6) showed variability (Fig. 8) . However, all values were in the range reported for phytoplankton in cultures Goldman et al. 1992 ) and for POM in surface waters (Redfield et al. 1963; Takahashi et al. 1985) .
The difference in mass balance between DIN consumption and PON production represents the amount of DON produced (Table 4) . DON production was greatest in Phaeocystis, followed by Synechococcus, Emiliania, and Skeletonema during growth for 14 d. C : N ratios for DOM were estimated with DOC values from Table 2 and calculated DON values. C : N ratios of DOM ranged between 4.1 and 14.1.
Assimilation ratios (AR) of DIC and DIN ranged from 7.8 to 9.6 in all phytoplankton cultures (Table 5) . AR ratios and the C : N of POM were measured values, whereas those for DOM were calculated as described above. Integrated C : N values for POM were somewhat similar for all phytoplankton (range 6.9-9.7), but time- DAYS ELAPSED crease to TON increase (6.9-9.0, from data in Tables 2 and  4) , an inclirect estimate of AR.
Carbohydrates constituted a major portion of POM as well as DOM produced by phytoplankton. Assuming that the carbohydrates produced were N-free, we calculated the C : N ratios expected for the carbohydrate-free fractions of POM and DOM. Calculated carbohydrate-free C : N values for POM were 5.7 for Synechococcus, 5.3 for Phaeocystis, 5.9 for Emiliania, and 4.9 for Skeletonema. Similarly, the calculated C : N values for the carbohydrate-free fraction of DOM were 2.5, 4.2, 2.9, and 9.4, respectively. The C : N values of carbohydrate-free DOM in Synechococcus and Emiliania cultures were very low, suggesting that these cultures may release a greater proportion of nitrogen-rich compounds, such as nucleic and amino acids. Cyanobacteria such as Synechococcus are known to synthesize amino sugars in addition to other nitrogenous compounds.
In the different phytoplankton cultures, the recovery of HMW DOC fraction (> 1,000 Da) by ultrafiltration accounted for --35% (Synechococcus, 36%; Phaeocystis, 3 1%; Emiliania, 36%; Skeletonema, 38%) of the DOC present in the original cultures. C : N values for the LMW DOM were estimated by mass balance between the C : N values for DOM and those measured for the HMW DOM fraction. The HMW DOM was considerably carbon-rich (C : N mean, 21.6) relative to its LMW DOM counterpart (C : N mean, 6.4), indicating these two pools differ in biochemical composition c: Table 5 ).
Substantial
DOC production during phytoplankton growth---A significant fraction (lo-32%) of the organic matter synthesized by phytoplankton was released as DOM. Between 72 and 187 PM DOC (5-13 FM DOC d-l) was produced during the entire growth period by the different phytoplankton, and DOC production was typically synchronous with POC synthesis. A positive linear relationship between DOM release and photosynthesis has been obtained by several workers studying phytoplankton cultures (Mague et al. 1980; Zoltnik and Dubinsky 1989) and natural phytoplankton communities in the sea (Anderson and Zeutschel 1970; Mague er; al. 1980) . DOC production measurements from the present study were in the more commonly observed range of 5-30% in the literature .
Per cell DOC production rates varied over two orders of magnitude among the four phytoplankton and was higher in the larger cells. However, when DOC production rates were expressed on a per cellular carbon basis, this variability decreased considerably (0.01-0.06 pmol DOC pmol cell C-l d-l). Strom et al. (1997) have reported a similar range of DOC production rates (0.02-0.06 pmol DOC pmol cell C-' d-l) for phytoplankton species that were several times larger DAYS ELAPSED P n in size than those in our study. Observations of reduced variability in cellular carbon-specific DOC production rates for phytoplankton of different types and sizes would suggest that there is some potential for the use of such values in models of carbon flux. On the other hand, the prevalence of such variability among the phytoplankton indicates that DOM production is influenced by the phytoplankton community composition. The timing of the highest DOC production rates varied among the different phytoplankton. In Phaeocystis and Skeletonema, high production rates prevailed throughout growth, but in Synechococcus and Emiliania rates were highest during the stationary phase. In previous laboratory and field studies, fluxes of DOC were highest under conditions of high growth, even though the fraction of fixed carbon released may be low then (Anderson and Zeutschel 1970; Zoltnik and Dubinsky 1989) . This explains the high rates of release during the exponential growth phase in Phaeocystis and Skeletonema. Guillard and Wangersky (1958) observed that cells in stationary phase sometimes release more DOC than exponentially growing cells, when cell autolysis may enhance DOC release (Hellebust 1974) . This observation was confirmed by von Boekel et al. (1992) in their study of spring blooms of phytoplankton.
It is to be expected that when production exceeds consumption, accumulation of products will be greatest toward the end of the growth phase. In the present study, the highest concentrations of DOC (120-250 p,M C) were observed at the end of the growth cycle in all phytoplankton. Others have obtained nearly identical results in large-volume coastal seawater enclosure experiments where the peak of the phytoplankton bloom (14 d) was associated with accumulation of DOC (130-250 p,M C; Nor-r-man et al. 1995) . Similar observations of maximal DOC accumulations have been made during stationary phase in phytoplankton cultures (Guillard and Wangersky 1958; Hellebust 1974) and the end of phytoplankton bloom development at sea (Eberlein et al. 1985; Carlson et al. 1994; Williams 1995) . Freshly produced phytoplankton DOM may significantly influence the composition of DOM in the surface ocean.
Predominant carbohydrate composition of phytoplankton organic matter-Carbohydrates are a major and often dominant product of phytoplankton production. While investigating the photosynthetic assimilation of 14C0, into different biochemical fractions of natural populations of marine phytoplankton, Morris and Seka (1978) found that roughly half of the radiolabel was incorporated into the cellular polysaccharide fraction. Additionally, carbohydrates are one of the main components of DOM released by phytoplankton, along with amino acids and fatty acids (Handa 1970 ). Hellebust (1974 has noted that simple as well as complex polysac- DAYS ELAPSED charides are produced by a large number of taxonomically diverse algae. In our study, cellular (particulate) carbohydrate abundance was two-to threefold higher than extracellular (dissolved) carbohydrate. Similarly, in a study of nine diatoms, Mykelstad (1974) observed that dissolved carbohydrate levels were lower than particulate carbohydrates, which they closely tracked through the growth cycle (12 d). Working with natural phytoplankton, Haug et al. (1973) found that 30-66% of dry organic matter occurred as carbohydrates; McAllister et al. (1961) , who followed phytoplankton development for 20 d in large seawater enclosures, observed that carbohydrates in cells increased from 20 to 70% of cellular carbon. In the Benguela upwelling system, Barlow (1982) noticed that the largest change in cellular biochemical content was in carboh,ydrates, which increased in phytoplankton as the upwelled water aged. Similarly, Lancelot (1984) , studying the development of Phaeocystis blooms in the North Sea, found that 22-42% of primary production was in the form of particulate carbohydrates and 18-60% was in the form of dissolved carbohydrates.
The relative abundance of carbohydrates in phytoplankton organic matter in our study increased (18-45% of POC; 23-80% of DOC) as the cultures aged. Appreciable accumulations of carbohydrates have been observed to occur toward the end of the exponential phase in cultures (Mykelstad 1974; Eberlein et al. 1983 ) and phytoplankton blooms in the sea (Ittekot et al. 1981) . Thus, phytoplankton in nature may contribute substantially to the local carbohydrate pool during bloom conditions. In the present study Phaeocystis released the maximal amount of dissolved carbohydrates. Colonies of Phaeocystis are known to form polysaccharide-rich mucilaginous envelopes (Lancelot 1984) and to excrete dissolved carbohydrates in large quantities (Guillard and Hellebust 1971) .
Averaged across the growth cycle of the phytoplankton, a major porlion of both cellular and extracellular organic mater produced appeared to be in the form of carbohydrates in the present study. Roughly half of phytoplankton production was in the form of carbohydrates, implying carbohydrates are an important component in the oceanic carbon cycle. The dissolved carbohydrate pool produced by the phytoplankton was dominated by polysaccharides. Benner et al. (1992) and Pakulski and Benner (1994) observed that polysaccharides were much more abundant in surface ocean water than in deep water, indicating that polysaccharides are an abundant and reactive component of marine DOM.
Elememal composition of organic matter produced by phytoplankton-The composition of marine POM is usually in the approximate proportions of 106 : 16 : 1 (by atoms) for the major bioelements C, N, P (Redfield et al. 1963) . However, some been observed during growth of phytoplankton in cultures (Sakshaug and Holm-Hansen 1977; Goldman et al. 1979) as well as during the development of phytoplankton blooms in the sea (Banse 1974) . Such departures from Redfield stoichiometry have been found to be related directly to changes in the biochemical composition of the phytoplankton (Dorch 1982) . In Phaeocystis and Skeletonema, C : N values for the POM (-7) were close to the Redfield ratio throughout the growth phase, but in Synechococcus and Emiliania the C : N values gradually increased to values between 9 and 10 in the stationary phase. Thus, although there seem to be some departures from Redfield stoichiometry in C : N ratios of phytoplankton cells, they are not large-scale deviations and, in fact, are well within the range of values commonly observed for growing phytoplankton. For example, Parsons et al. (1961) studied 11 species of exponentially growing phytoplankton and measured a range of C : N values between 5.1 and 10.5. In cultures, diatoms produced POM with C : N values between 5 and 9 (Sakshaug and Holm-Hansen 1977; Goldman et al. 1992) , Emiliania between 5.6 and 7. 4 (van Bleijswijk et al. 1994) , and . In some diatoms, the C : N values increased to as much as 17 in stationary cultures (Goldman et al. 1979 ). Calculated C : N values for DOM varied widely, ranging from 4.1 in the Synechococcus culture to 14.1 in the Skeletonema culture. Cyanobacteria such as Synechococcus produce a larger proportion of amino sugars, amino acids, and nucleic acids than do eukaryotic cells and this may lead to the production of DOM with a low C : N ratio. However, in communities dominated by diatoms such as Skeletonema, there may be significant production of carbon-rich DOM well above the Redfield ratio (Goldman et al. 1992; Williams 1995) . Most of the DOM production we found occurred under nutrient-replete conditions. In the ocean's surface where nitrogen limitation is common (Dugdale and Goering 1967) , the C : N values for DOM could be higher (Williams 1995) . If natural phytoplankton assemblages indeed produce high C : N DOM, new production and carbon export from the surface ocean could be underestimated.
Phytoplankton as source of HMW DOM and LMW DOM-Although most phytoplankton exudates are LMW DOM (Jensen 1983; Lancelot 1984) , phytoplankton also produces substantial amounts of HMW DOM (Hoyt 1970) . Gel chromatography and ultrafiltration studies have demonstrated that natural phytoplankton communities produce considerable amounts of HMW DOM (Sondergaard and Shier-up 1982; Lancelot 1984) consisting predominantly of polymeric carbohydrates (Lancelot and Billen 1985) . In our study, phytoplankton produced on average -35% of the DOC as HMW and the rest as LMW. HMW DOM and LMW DOM in the surface ocean occur in about the same proportions (30 : 70; Carlson et al. 1985; Benner et al. 1992) as that of freshly produced phytoplankton DOM. This suggests that phytoplankton-derived DOM may quantitatively influence the composition of DOM in surface waters.
DOM produced by phytoplankton consisted of two pools having distinct biochemical compositions: a carbon-rich HMW fraction and a nitrogen-rich LMW fraction. The C : N ratios for the HMW DOM in the different phytoplankton did not vary much (19) (20) (21) (22) (23) (24) (25) and were considerably higher than the Redfield ratio. C : N values for HMW DOM in the ocean are similar to freshly produced HMW DOM by phytoplankton and range from 15 to 22 (Benner et al. 1992) . C : N ratios of LMW DOM varied considerably (3-l 1) among the phytoplankton and were consistently lower than the corresponding values for the HMW DOM in each phytoplankton. We are not aware of comparable data for LMW DOM in the ocean.
Compositional differences between HMW and LMW DOM produced by phytoplankton seem to be reflected in varying microbial reactivities. HMW DOM supports high rates of bacterial respiration, whereas LMW DOM supports higher bacterial growth efficiencies in freshwater and marine environments (Amon and Benner 1996; Gardner et al. 1996) . During a spring bloom, Kepkay et al. (1993) observed that significant accumulations of HMW and LMW DOC took place in the mixed layer, in parallel with increases in phytoplankton abundance. Regional differences in bacterial growth efficiencies over the continental shelf (Biddanda et al. 1994 ) may be a consequence of the differential availability of HMW and LMW DOM pools produced by the phytoplank.ton. Future studies should examine the significance of phytoplankton as the primary source of HMW and LMW DOM in the surface ocean,
